A new bio-polyol based on white mustard oil (Synapis alba) and 2,2'-mercaptodiethanol (2,2'-MDE) was obtained. The synthesis was carried out by two-step method. In the fi rst stage, the double bond of the unsaturated fatty acid residues was oxidized, and in the second step the epoxy rings were opened with 2,2'-MDE. The properties of the obtained bio-polyol for application as raw material in polyurethane-polyisocyanurate foams (PUR-PIR) -hydroxyl number, acid number, density, viscosity, pH, water content, FTIR, 1 H NMR and 13 C NMR were investigated. Based on the obtained results, foaming formulations containing 0 to 0.6 R of the new bio-polyol were prepared. Signifi cant impact of bio-polyol on apparent density, compressive strength, brittleness, fl ammability, water absorption and thermal conductivity of polyurethane composites were noted. Modifi ed foam had better functional properties than reference foam e.g. lower brittleness, better thermal insulation properties and better fi re resistance.
INTRODUCTION
Polyurethanes are the important group of thermosets because of their wide application in everyday life. The use of these materials is directly related to their properties: physical (density), mechanical (brittleness, compressive strength), thermal (thermal conductivity) and fl ammability. Environmental aspects (e.g reuse of waste from this materials) and economic aspects (e.g. price of the fi nished product) are also signifi cant. Often, the desire to obtain specifi c properties of polyurethanes is related to the incorporation into the technological formulation of additives 1-4 . Many chemical companies strives to receive green product solutions and keep sustainable development strategies. Raw materials of plant origin are recently more and more used for the production of polyurethane materials, e.g. bio-polyols based on vegetable oils 1, 5-7 . They are usually produced by pressing oil plants. The unrefi ned vegetable oil obtained is additionally subjected to a fi ltration process to remove solid seed residues 8 . In recent years there has been a huge interest in these raw materials because of their green nature and an alternative to shrinking oil and gas reserves 1 . A number of studies on the synthesis of bio-polyols based on oils: soybean
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, castor 12- 15 and rapeseed 16- 19 can be found in the literature. Studies on the use of polyols based on soya oil for rigid foam were conducted by Tu et al. 20 . The obtained materials were characterized by a low coeffi cient of thermal conductivity. Veronese et al. 21 used a mixture of petrochemical polyols and soybean-based polyol to obtain the resultant transesterifi cation of the hydroxylated oil with tri-ethanolamine to produce rigid polyurethane foams. The resulting bio-composites exhibited better mechanical properties than their equivalents obtained from conventional raw materials. Prociak et al.
22- 25 developed composites with bio-polyol based on rapeseed oil, which was characterized by higher content of closed cells and lower thermal conductivity. Horak and Benes 26 have used fi sh oil waste to chemically recycle fl exible polyurethane foams. As a result of the process, the authors obtained liquid recycled polyols that were used to obtain new semi-rigid foams. The properties of these materials were, however, worse than these of pure raw materials. Liszkowska et al.
27-28 with the team used polyols based on citric acid (2-hydroxy-1,2,3-propanetricarboxylic acid) and various glycols to obtained a rigid polyurethane-polyisocyanurate foams. These composites were characterized by good thermal insulation properties, high aging resistance and low fl ammability. The aim of the study was to obtain a new bio-polyol based on crude mustard oil and 2,2'-mercaptodiethanol and to investigate its physicochemical properties. The effect of this bio-polyol on the properties of rigid polyurethane-polyisocyanurate foams was also investigated.
EXPERIMENTAL

Material and methods
For the synthesis of a new bio-polyol, the two-stage method used unrefi ned white mustard seed (Sinapis alba) oil, as a light yellow liquid with a density of 0.880 g/cm 3 and a viscosity of 160 mPa · s, produced by the company jedzpij.pl (Poland). The iodine value was 0.426 mol I 2 /100g of oil and the unsaturated fatty acid content was 95.88 wt% of total fatty acid in the oil. The fatty acid profi le of the oil used is shown in Table 1 . In the fi rst stage of the synthesis, an oxidizing system was used: 99.5% acetic acid (Chempur, Poland) and 30% solution of hydrogen peroxide (Chempur, Poland). 96% sulfuric acid (VI) (POCh, Poland). Anhydrous magnesium sulphate (VI) (Chempur, Poland) was used to dry the purifi ed epoxidized white mustard oil.
98% of 2,2'-mercaptodiethanol in presence of the acid catalyst (as above) was used to open the oxirane rings 
Synthesis of new bio-polyol
500 g of crude mustard oil (MO) with an iodine value of 0.426 mol I 2 /100g, 128.55 g of 99.5% acetic acid (AC) and 4.35g of 96% sulfuric acid (VI) (SA) were transferred into a 1000 cm 3 reactor equipped with a refl ux condenser, thermometer, addition funnel and mechanical stirrer. The mixture was heated to 40°C at constant stirrer speed (700 rpm) and 362.10g of 30% hydrogen peroxide (HP) was added via dropping funnel. The molar ratio of the reactants was 1:1:1.5:0.02 for MO:AC:HP:SA. After adding all hydrogen peroxide solution, the mixture was heated to 60 o C. Hydrogen peroxide in the presence of acetic acid produced peracetic acid in situ, which oxidized the double bonds contained in the oil to the epoxy groups. The reaction was carried out for 3 hours. During synthesis, the epoxy number of the mixture was determined all the time. Then the reaction system was cooled and allowed to stand for 24 hours to separate the oil phase from the aqueous phase. The oil phase was washed with distilled water to remove residual acetic acid and catalyst, and the remaining water was removed with anhydrous magnesium sulphate (VI). The obtained intermediate (epoxidized oil) was subjected to analytical tests and was used to further synthesis.
In the next step, 500 g of epoxidized white mustard oil (EMO), 234.24 g of 98% 2,2'-mercaptodiethanol (MDE) and 1.96 g of 96% sulfuric acid (VI) were transferred into a 1000 cm 3 reactor. The molar ratio of the reagents was 1:1:0.01 for EMO:MDE:SA. The mixture was heated to 120°C under continuous stirring (700 rpm). The synthesis was performed for 4 hours to open all epoxy rings (EV = 0). After synthesis, the obtained polyol was neutralized and dried with solid anhydrous calcium chloride.
The properties of the new bio-polyol (PG3) based on white mustard oil were studied. The reaction product was then used for the synthesis of rigid polyurethane--polyisocyanurate foams.
Properties of bio-polyol based on mustard oil
New bio-polyol was subjected to physicochemical, analytical and spectroscopic studies to determine its suitability for the synthesis of rigid PUR-PIR foams. The properties are determined in accordance with the standards applicable to polyol raw materials:
-Hydroxyl number (HN), was determined in accordance with the factory standard of Purinova Chemical Plant No. WT/06/07/PURINOVA.
-Acid value (AV) was determined in accordance with PN-ISO 660 standard.
-Iodine value (IV) was determined in accordance with PN-ISO 3961:2013-10 standard.
-Epoxy value (EV) was determined in accordance with PN-ISO 3001:1999 standard.
-Viscosity of bio-polyol determined by Fungilab digital rheometer at 20°C (293 K). Measurements were made using a standard DIN-87 spindle co-operating with the ULA-DIN-87 bushing. Keeping the constant temperature is ensured by a thermostat connected to the water jacket of the sleeve.
-Density was measured at 25 o C (298 K) in an adiabatic pycnometer in accordance with PN-92/C-04504.
-Water content was determined by Carl-Fisher method using Titraqual branded reagent in accordance with PN-81/C-04959.
-The pH was measured by Hanna Instruments microprocessor laboratory pH-meter (ORP/ISO/ o C) with RS 22 C connector.
-Elemental analysis with the Elementar Vario EL III CHNSO.
-Spectroscopic analysis of the chemical structure of crude mustard oil, epoxidized oil and bio-polyol was also performed: -In infrared spectroscopy was performed using the Brücker Vector Spectrophotometer with the KBr technique in the range of 400 to 4000 cm -1 . -1 H NMR and 13 C NMR were performed using the Brücker Ascend III NMR spectrometer at 400 MHz in deuterated chloroform.
Preparation of PUR-PIR foams
The preparation of rigid PUR-PIR foams with white mustard oil based bio-polyol required experimental studies to determine the optimal composition of additives (catalysts, surfactants, fl ame retardants and blowing agents). The basis for determining the amount of polyols raw materials was the hydroxyl number. Polyol formulation was developed to keep a constant isocyanate index. The addition of isocyanate was selected taking into account the equivalent (R) ratio of the NCO to OH groups in the reaction mixture, which for PUR-PIR rigid foams was set to 3:1. It is essential for the reaction of the NCO groups with OH to produce the urethane bond (Scheme 1) and the trimerization of the three NCO groups to the isocyanurate ring (Scheme 2).
The content of additives, i.e. catalyst of reaction between OH and NCO (1 wt%), catalyst of trimerization reaction (2.5 wt%), physical blowing agent (10 wt%), fl ame retardant (17 wt%) and surfactant (1.7 wt% ).
The foams were prepared on a laboratory scale from two-component system by using one-stage method. Component A was obtained by precisely mixing the appropriate amounts of polyols, catalysts, surfactant, blowing agent and fl ame retardant. Component B was Purocyn B. Components A and B were mixed for 10 s by using a mechanical stirrer (1800 rpm) at a suitable mass ratio. Then mixture was poured into a rectangular opened mould with an internal dimension of 25 x 25 x 30 cm, where was free rise of foam.
A series of P3 foams (P3.0-P3.6) was added with an increase in the equivalent of bio-polyol from 0 to 0.6 (0.1R increments) at the expense of the petrochemical polyol ( Table 2 ). The synthesis of PUR-PIR foams was repeated twice. The resulting foam was cured for 4 hours at 120°C.
Assessing the properties of rigid PUR-PIR foams
The selected performance characteristics of the PUR--PIR foams have been determined according to the accepted standards for rigid polyurethane foam:
-Direction of the foaming process was analysed by measuring of typical foaming times: start, growth and gelation by electronic stopwatch
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. -Apparent density foam is marked in accordance with ISO 845-1988.
-Compressive strength was achieved on Instron's universal 5544 machine in accordance with PN 93/C-89071 (ISO 844).
-The brittleness of the obtained foams was determined in accordance with ASTM C-421-61.
-
-The thermal conductivity of the foams was determined by Lasercomp FOX 200.
-Absorbability and water absorption were carried out in accordance with DIN 53433.
-Retention (Bütler's vertical test) was determined in accordance with ASTM D3014-73.
-Test of horizontal burning was determined in accordance with PN-78 C-05012.
-Oxygen index (OI) was determined by Concept Equipment apparatus in accordance with ASTM D2863-1970.
RESULTS AND DISCUSSION
Synthesis and characterisation of polyols
Milk-white epoxidized oil (EMO) with an iodine value of 0.039 mol I 2 /100g of oil and an epoxy number of 0.384 mol/100g of oil was obtained by reaction of white mustard oil (MO) with peracetic acid produced in situ. A simplifi ed reaction on the example of an oleic acid triglyceride, was shown in Scheme 3. The effi ciency of oxidation the double bonds was determined as the ratio of the epoxy number of EMO to the initial iodine number of MO. It was equal 89.67%
Scheme 3. Epoxidation of unsaturated bonds in fatty acids
31 . The epoxidized mustard oil was reacted to open the epoxy rings with the 2,2'-mercaptodiethanol according to Scheme 4.
The physicochemical properties of obtained light yellow bio-polyol (PG3) were shown in Table 3 .
The effi ciency of the epoxy ring opening process was equal 100% because the epoxy value of the bio-polyol was 0 mol/100g of oil.
The results of the elemental analysis of the obtained bio-polyol (PG3) are presented in Table 4 .
There was a signifi cant increase in oxygen and sulphur content, at the expense of carbon and hydrogen. The increase in oxygen was due to the oxidation of double bonds and the opening of the rings with 2,2'-mercaptodiethanol. As a result, two -OH groups (one at the fatty acid carbon, the other at the end of the glycol chain) were obtained per a C=C bond. The increase in sulphur content is attributable to the attachment of the 2,2'-mercaptodiethanol molecule.
The presence of sulphur in the bio-polyol molecule also has other important implications. This element belongs to the so-called group fl ame retardant. This suggests that it can play a dual role in the polyurethane preparation process as a polyol component and as an internal fl ame retardant.
The chemical structure of synthesized bio-polyol was confi rmed by spectroscopic analyses: FTIR, 1 H NMR and 13 C NMR. The FTIR method (Figure 1) showed the presence of band intensity at: (1) 3450 cm -1 of hydroxyl Table 3 . Properties of bio-polyol based on white mustard oil Figure 1 . FTIR spectrum of bio-polyol based on mustard oil (1) protons of oleic groups of fatty acids -CH=CH-; (2) methane protons of glyceryl -CH 2 -CH-CH 2 -; (3) methylene protons of glyceryl -CH 2 -CH-CH 2 -; (4) protons of hydroxyl groups at the end of the chain -OH; (5) protons of α-CH 2 groups to the hydroxyl group -CH 2 -OH; (6) protons of the β-CH 2 group to the hydroxyl group -CH 2 -CH 2 -OH; (7) protons of α-CH 2 groups to the sulphide group -CH 2 -S-CH 2 ; (8) protons of the α-CH 2 group to the carbonyl group -CH 2 -CO-; (9) protons of hydroxyl groups inside the chain -OH; (10) protons of α-CH 2 groups with respect to olefi n group -CH 2 -CH=CH-; (11) protons of the β-CH 2 group to the carbonyl group -CH 2 -CH 2 -CO-; (12) protons of CH 2 groups in the fatty acid chain; (13) protons of the end groups -CH 3 .
the fatty acid chain; (12) carbons of penultimate groups -CH 2 -CH 3 ; (13) carbons of the terminal groups -CH 3 .
FTIR spectroscopy, 1 H NMR and 13 C NMR confi rmed the assumed chemical structure of the synthesized bio-polyol.
Properties of rigid polyurethane-polyisocyanurate foams
The second part of the experiment consisted of the synthesis of polyurethane-polyisocyanurate foams using a new white mustard oil based bio-polyol (PG3) in an amount of 0 to 0.6 molar equivalents. The formulation of rigid PUR-PIR foams are shown in Table 2 .
The effect of polyol on a number of properties of new polyurethane foams was investigated. Processing times, Analysis of the 13 C NMR spectrum ( Figure 3 ) showed characteristic chemical shift for: (1) carbons of carbonyl groups >C=O; (2) carbons of olefi nic fatty acids -CH=CH-; (3) carbons of α-CH 2 groups to the alkoxyl group -CH 2 -O-CH 2 -; (4) carbons of α-CH groups linked to a hydroxyl group within the chain >CH-OH; (5) methane carbons of glyceryl -CH 2 -CH-CH 2 -; (6) methylene carbons of glyceryl -CH 2 -CH-CH 2 -; (7) carbons of α-CH 2 groups to the hydroxyl group at the end of the chain -CH 2 -OH; (8) carbons of the α-CH 2 group to the sulphide group -CH 2 -S-CH 2 -; (9) carbons of β-CH 2 groups to the hydroxyl group at the end of the chain -CH 2 -CH 2 -OH; (10) carbons of α-CH 2 groups to the carbonyl group -CH 2 -OOC-CH 2 -; (11) carbons of CH 2 groups in Figure 2 .
1 H NMR spectrum of bio-polyol based on mustard oil Figure 3 . 13 C NMR spectrum of bio-polyol based on mustard oil measured during foaming, showed a tendency to elongate (Table 5 ). However, up to 0.4 R technology times were similar to the reference foam. With the use of more bio-polyol, a noticeable increase in start, growth and gelling time. This suggests that the new white mustard--based bio-polyols have less reactivity than petrochemical polyols. As long as its contribution to the formulation is less than 0.5 R, it does not signifi cantly affect the reactivity of the polyol premix (component A).
Studies of accelerated aging i.e. change of linear dimensions (Δl) and change of geometric volume (ΔV) showed that bio-polyol modifi ed foam up to 0.4 R had the same value like a reference foam, 1.3% and 6%, respectively. The increase in bio-polyol content resulted in an increase of Δl to 5.6% and ΔV to 10.8%. This was due to the migration of the blowing agent closed in the foam cells. The increased amount of long elastic segments encouraged easier escape from gas fumes such as 1,1,1,3,3-pentafl uorobutane and 1,1,1,2,3,3,3 -heptafl uoropropane (Solkane HFC 365/227). Mass loss studies have shown that the addition of white mustard based bio-polyol was conducive to lowering this parameter from 3.09% for reference foam to 1.37% for foam with 0.6 R. This meant that the bio-polyol has a higher aging resistance than petrochemical polyol.
Absorbability and water absorption are important parameters in porous materials. The fi rst one refers to the amount of water that is in the material immediately after being removed from the dipping. The second one refers to the water that has got into its interior. In both cases, a signifi cant decrease in the value of this parameter was noted ( Figure 5 ). In both cases absorbability and water absorption was due to the introduction of hydrophobic groups derived from vegetable oil into the polyurethane macromolecule. Table 5 . Processing times of PUR-PIR foams with bio-polyol An important parameter for PUR-PIR rigid foams is the apparent density. It indirectly affects compression strength or brittleness. The increase in the share of the new polyol raw material resulted in a decrease in apparent density from 50.19 kg/m 3 for the reference foam to 33.07 kg/m 3 for the foam with 0.6 R. The incorporation to polyurethane, a component containing long linear chains results in a decrease in packing of the polymer macromolecules. It follows that fatty acid residues are fl exible segments with low crosslinking. Also water content in the bio-polyol had an impact on apparent density. Free water molecule could react with NCO group and produce a chemical blowing agent -CO 2 . More blowing agent in the polyurethane formulation caused apparent density decrease. This phenomenon also signifi cantly affected on the compressive strength of rigid foams. With the increase in the number of elastic segments and the apparent density decrease, this parameter decreased from 377.43 kPa (PG3.0) to 293.31 kPa (PG3.6). In spite of a marked decrease in compressive strength, the value of this parameter was at a satisfactory level. Another consequence of the decrease in degree of packing was slight decrease in stiffness. This leads to a reduction in the brittleness of the obtained PUR-PIR rigid foams. In case of application of bio-polyol based on white mustard oil, the parameter was reduced from 40.17% for P3.0 foam to 3.53% for P3.6 foam (Figure 4) . An important feature of porous polyurethane materials is their fl ammability. Rigid polyurethane-polyisocyanurate foams are characterized by lower fl ammability than polyurethane foams due to the presence of their isocyanurate ring. However, due to stringent fi re safety requirements, they must have a fl ame retardant (Antiblaze TMCP in foam series P3). Flammability tests of obtained polyurethane materials (vertical test, horizontal test, oxygen index) showed that the increase of the content of bio-polyol based on white mustard oil infl uenced on the increase of fi re resistance of these materials. The combustion residue increased from 92.77% for P3.0 to 99.15% for P3.6, the oxygen index from 24.1% to 26.0% ( Figure 6 ) and the burning rate decreased accordingly from 0.167 mm/s to 0,033 mm/s.
Obtained results indicated that the increase in the proportion of bio-polyol based on white mustard oil had signifi cantly infl uence of the retention of rigid PUR-PIR foams. The reason for this was the presence of sulphur atoms in the structure (about 10%, Table 3 ). This confi rmed that this element is included in the group of fi re retardants. As a result new polyol raw material was also an internal fl ame retardant.
Thermal conductivity was reduced by using bio-polyol from 0.028 W/(m · K) for the reference foam to 0.024 W/(m · K) for modifi ed foam. This meant that rigid polyurethane-polyisocyanurate foams based on white mustard oil and 2,2'-mercaptodiethanol were better insulates heat than foam containing petrochemical counterparts in the same formulation.
CONCLUSION
New bio-polyol based on white mustard oil was synthesized in a two-step method: epoxidation of double bonds and opened it with 2,2'-mercaptodiethanol (Pat. Appl. PL422888). After testing, the obtained product showed suitability for the synthesis of rigid polyurethane-polyisocyanurate foams. It was characterized by i.e. a hydroxyl number of 371.70 mg KOH/g, an acid value of 4.71 mg KOH/g or a water content of 0.8%. The presented parameters were similar to those of commercial petrochemical polyols used in rigid foams. The bio-polyol was used as a raw material for PUR-PIR foams, in amounts of 0 to 0.6 equivalents in admixture with a polyol based on product of oxypropylation of sorbitol. Properties of the obtained materials were tested. Studies were shown that bio-polyol based foams had lower apparent density, compressive strength and brittleness. The presence of polyols containing sulphur signifi cantly affected the fl ame retardancy of these materials.
The use of bio-polyol for the synthesis of PUR composites perfectly fi ts into the principle of sustainable development. It allows partial replacement of petrochemical polyols, and the ability to lower fl ammability by these compounds is an interesting issue that can lead to reduced use of expensive and toxic fl ame retardants.
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